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(54) Ink jet printing apparatus and method using timing control of electronic waveforms for 
variable gray scale printing without artifacts 



(57) Ink jet printing apparatus and method using 
timing control of electronic waveforms for variable gray 
scale printing while eliminating image artifacts and 
while also reducing printing time and improving accu- 
racy of ink droplet placement on a receiver medium. 
The apparatus prints an output image on a receiver 
medium (30) in response to an input image file defined 
by a plurality of pixels, each pixel obtaining a pixel value. 
The apparatus includes a print head (50) and a plurality 
of nozzles (45) integrally attached to the print head. 
Each of the nozzles is capable of ejecting a plurality of 
ink droplets (47) therefrom. A waveform generator (230) 
generates a plurality of electronic waveforms (80), each 
of the waveforms being defined by a plurality of electric 
pulses (90) supplied to the nozzles for ejecting the ink 
droplets. A printer performance look-up table (60) is 
also provided for storing a plurality of waveform serial 
numbers therein. Each of the waveform serial numbers 
is associated with each one of the electronic waveforms 
and each of the waveforms is defined by waveform 
parameters. A controller (220) connected to the look-up 
table and the waveform generator generates the wave- 
form parameters. This configuration allows the wave- 
forms to accurately place the ink droplets on the 
receiver medium. A calibrator (70) adapted to receive 
the input image file for converting the pixel values 
thereof to a plurality of waveform index numbers is 
associated with respective ones of the waveform serial 
numbers and outputs a calibrated image file. The appa- 
ratus further comprises an image halftoning unit (210) 
connected to the calibrator for halftoning the calibrated 
image file. In addition, the apparatus includes a nozzle 
selector (240) interconnecting the waveform generator 



and the print head for selecting predetermined ones of 
the nozzles for actuation. 
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Description 

FIELD OF THE INVENTION 

[0001 ] The present invention generally relates to print- 
ing apparatus and methods and more particularly 
relates to an ink jet printing apparatus and method using 
timing control of electronic waveforms for variable gray 
scale printing while eliminating image artifacts caused 
by "quantization errors", visible noise and excessive ink 
laydown, and while also reducing printing time and 
improving accuracy of ink droplet placement on a 
receiver medium. 

BACKGROUND OF THE INVENTION 

[0002] An ink jet printer produces images on a 
receiver medium by ejecting ink droplets onto the 
receiver medium in an image-wise fashion. The advan- 
tages of non-impact, low-noise, low energy use, and low 
cost operation in addition to the capability of the printer 
to print on plain paper are largely responsible for the 
wide acceptance of ink jet printers in the marketplace. 
[0003] However, a disadvantage associated with ink 
jet printers is that ink is ejected in discrete ink droplets; 
consequently, ink jet printers only print ink dots at dis- 
crete optical density levels. Therefore, unintended and 
extraneous ink dots give rise to undesirable image arti- 
facts, which are most visible in low-density areas of the 
image on the receiver medium. Furthermore, due to the 
use of discrete optical densities, high bit-depth pixel val- 
ues of a substantially continuous tone input digital 
image are necessarily "quantized" to the discrete den- 
sity values available in a specific ink jet printer. How- 
ever, when pixel values are quantized, "quantization 
errors" occur. These quantization errors produce image 
artifacts which may appear to the viewer of the image as 
posterization or contouring. Although quantization 
errors can be reduced by increasing the available levels 
of optical densities, such reduction of quantization 
errors increases printing time and ink laydown. 
Increased ink laydown on the receiver medium requires 
higher liquid absorption by the receiver medium, which 
is undesirable. Of course, increased printing time 
reduces the printer's production rate, which is also 
undesirable. 

[0004] Methods for increasing available levels of opti- 
cal densities are known. A method to increase available 
levels of optical densities is disclosed in US-A- 
4,714,935 titled "Ink-Jet Head Driving Circuit". Accord- 
ing to this patent, the volume of an ejected ink droplet is 
varied by modulating electronic waveforms which acti- 
vate ink droplet formation and ejection. These individual 
droplets are ejected from an ink jet nozzle and land sep- 
arately on a receiver medium. This patent also dis- 
closes that ink volume can be modulated by a single 
electric pulse waveform, or by a plurality of electric 
pulse waveforms to control the operating dynamic print- 



ing range of the printer. However, the technique dis- 
closed by this patent increases printing time and ink 
laydown due to increased levels of discrete optical den- 
sities. 

s [0005] The technique disclosed by the art recited 
hereinabove print ink droplets at discrete optical densi- 
ties. The technique disclosed by the art recited herein- 
above also cause quantization errors. Hence, this 
method does not eliminate artifacts (that is, extraneous 
10 visible discrete dots in the printed image). The tech- 
nique disclosed by the art recited hereinabove also 
increases ink laydown and printing time. 
[0006] Another problem associated with prior art ink 
jet printers is image artifacts and visible noise caused 
is by manufacturing variability among the plurality of ink jet 
nozzles comprising the print head. More specifically, 
variability in the print head fabrication process produces 
physical variability in the nozzles (for example, variabil- 
ity in the size of nozzle orifices) comprising the print 
20 head. This variability in turn causes undesirable varia- 
bility in ink droplet volume for droplets ejected from the 
nozzles. As a result, some nozzles will unintentionally 
print higher densities than other nozzles. Such variabil- 
ity causes visible noise and image artifacts, such as 
25 banding or streaks, along the direction of travel of the 
print head relative to the receiver medium. To reduce 
such visible image artifacts, some prior art ink jet print- 
ers resort to printing in multiple shingled passes over 
the same image area in a fashion such that each image 
30 location on the receiver medium is printed by different 
nozzles in each pass. In this case, print variability 
between nozzles is averaged out and the visual artifacts 
appear reduced. However, a disadvantage of this tech- 
nique is that print time is substantially increased by a 
35 factor approximately equal to the number of passes. 
[0007] A further problem associated with prior art ink 
jet printing devices relates to placement of the ink drop- 
lets on the receiver medium. More specif ically, accuracy 
of ink droplet placement on a receiver is determined by, 
40 among other factors, the speed of ejected ink droplets 
and the duration of activation of the ink nozzles ejecting 
the ink droplets. In ink jet printers printing variable ink 
droplet volumes, speed of ejected ink droplets and the 
duration of the activation of the ink droplets can vary as 
45 a function of ink droplet volume. Variation in speed and 
activation of ink droplets often cause errors in place- 
ment of ink droplets having different volumes, thereby 
producing image defects such as ink coalescence or 
color bleeding on the receiver, unprinted white spots 
so (sometimes referred as "pin holes") in a printed area, or 
unsharp lines and borders. 

[0008] An object of the present invention is to provide 
an ink jet printing apparatus and method for variable 
gray scale printing while eliminating image artifacts 
55 caused by "quantization errors", visible noise and 
excessive ink laydown, and while also reducing printing 
time and improving accuracy of ink droplet placement 
on the receiver medium. 



2 



3 



EP 0 902 587 A2 



4 



SUMMARY OF THE INVENTION 

[0009] The present invention resides in an ink jet print- 
ing apparatus for printing an output image on a receiver 
medium in response to an input image file defined by a 5 
plurality of pixels, each pixel obtaining a pixel value, 
comprising; a print head; a plurality of nozzles integrally 
attached to said print head, each of said nozzles capa- 
ble of ejecting a plurality of ink droplets therefrom; a 
waveform generator connected to said nozzles for gen- w 
erating a plurality of electronic waveforms, each of the 
waveforms defined by a plurality of electric pulses sup- 
plied to said nozzles for ejecting the ink droplets there- 
from; a printer performance look-up table associated 
with said waveform generator for storing a plurality of is 
waveform serial numbers therein associated with each 
one of the electronic waveforms, each of the waveforms 
being defined by waveform parameters including delay 
time intervals between pulses; a controller connected to 
said look-up table and the waveform generator for gen- 20 
erating the waveform parameters allowing the wave- 
forms to eject the ink droplets from said nozzles so as to 
accurately place the ink droplets on the receiver 
medium; and a calibrator adapted to receive the input 
image file for converting the pixel values thereof to a 25 
plurality of waveform index numbers associated with 
respective ones of the waveform serial numbers defin- 
ing a calibrated image file. 

[0010] The invention provides ink jet printing appara- 
tus and method using timing control of electronic wave- 30 
forms for variable gray scale printing while eliminating 
image artifacts caused by "quantization errors", visible 
noise and excessive ink laydown, and while also reduc- 
ing printing time and improving accuracy of ink droplet 
placement on a receiver medium. 3s 
[001 1 ] According to one aspect of the invention, an ink 
jet printing apparatus is provided for printing an output 
image on a receiver medium in response to an input 
image file defined by a plurality of pixels. Each pixel 
obtains a pixel value. The apparatus includes a print 40 
head and a plurality of nozzles integrally attached to the 
print head. Each of the nozzles is capable of ejecting a 
plurality of ink droplets therefrom. A waveform genera- 
tor is connected to the nozzles for generating a plurality 
of electronic waveforms, each of the waveforms being 45 
defined by a plurality of electric pulses supplied to the 
nozzles for ejecting the ink droplets. A printer perform- 
ance look-up table is also provided. The printer perform- 
ance look-up table is associated with the waveform 
generator for storing a plurality of waveform serial num- so 
bers therein. Each of the waveform serial numbers is 
associated with each one of the electronic waveforms 
and each of the waveforms is defined by waveform 
parameters of number of pulses, pulse amplitudes, 
pulse widths and delay time intervals between pulses. A ss 
controller is connected to the look-up table and the 
waveform generator for generating the waveform 
parameters. This configuration allows the waveforms to 



eject the ink droplets from the nozzles so as to accu- 
rately place the ink droplets on the receiver medium. A 
calibrator adapted to receive the input image file for con- 
verting the pixel values thereof to a plurality of waveform 
index numbers is associated with respective ones of the 
waveform serial numbers defining a calibrated image 
file. The printer further comprises an image halftoning 
unit connected to the calibrator for halftoning the cali- 
brated image file. This calibration is done in order to 
generate a halftoned image file having a plurality of pixel 
values defined by the waveform serial numbers. In addi- 
tion, the printer includes a nozzle selector interconnect- 
ing the waveform generator and the print head for 
selecting predetermined ones of the nozzles for actua- 
tion. Moreover, the printer comprises an electrome- 
chanical transducer disposed in each of the nozzles and 
responsive to the waveforms for ejecting the ink droplets 
from the nozzles. The electromechanical transducer 
may be a piezoelectric transducer. Alternatively, a heat 
generating element may be disposed in each of the noz- 
zles and responsive to said waveforms for ejecting the 
ink droplets from said nozzles. In this case, the heat 
generating element may be a thermal resistive heat 
generating element. The previously mentioned look-up 
table has a plurality of predetermined parameters 
therein including the number of pulses, pulse amplitude, 
pulse width and delay time intervals between pulses for 
respective waveforms. At least one of the delay time 
intervals between pulses may be zero, if desired. 
[0012] A feature of the present invention is the provi- 
sion of a printer performance look-up table comprising 
at least one timing control parameter for at least one 
electronic waveform for suitably driving the ink jet print 
head. 

[0013] An advantage of the present invention is that 
the effects of variable temporal duration of the electronic 
waveforms are eliminated in placing the ink droplets. 
[0014] A further advantage of the present invention is 
that the effects of the variable ink-droplet velocities are 
compensated by accurate placement of the ink droplets. 
[0015] These and other objects, features and advan- 
tages of the present invention will become apparent to 
those skilled in the art upon a reading of the following 
detailed description when taken in conjunction with the 
drawings wherein there is shown and described illustra- 
tive embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] While the specification concludes with claims 
particularly pointing-out and distinctly claiming the sub- 
ject matter of the present invention, it is believed the 
invention will be better understood from the following 
description when taken in conjunction with the accom- 
panying drawings wherein: 

Fig 1a shows a first embodiment system block dia- 
gram belonging to the present invention, the system 
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block diagram including a printer performance LUT 
(Look-UP liable) and a printer performance curve 
and also including an electromechanical transducer 
associated with an ink nozzle to eject an ink droplet 
therefrom; 

5 

Fig 1b shows a second embodiment system block 
diagram belonging to the present invention, the sys- 
tem block diagram including the printer perform- 
ance LUT and the printer performance curve and 
also including a heat generating element associ- io 
ated with the ink nozzle to eject the ink droplet 
therefrom; 

FIG. 2 shows an enlargement of the LUT of Figs. 1a 
and 1b; 

FIG. 3 is a graph illustrating an electronic waveform 15 
comprising a plurality of voltage pulses, the wave- 
form being defined by a plurality of predetermined 
parameters including printing start time, number of 
pulses, pulse amplitude, pulse width, and delay 
time intervals between pulses; 20 
FIG. 4 shows placement of ink droplets of variable 
diameters or sizes on the receiver medium; and 
FIG. 5 is a graph illustrating the printer performance 
curve of Figs. 1a and 1b. 

DETAILED DESCRIPTION OF THE INVENTION 

[001 7] As described in detail hereinbelow, the present 
invention provides an apparatus and method using tim- 
ing control of electronic waveforms for variable gray 30 
scale printing while eliminating image artifacts caused 
by quantization errors, visible noise and excessive ink 
laydown, and while also reducing printing time and 
improving accuracy of ink droplet placement on a 
receiver medium. 35 
[001 8] Therefore, referring to Figs. 1 a and 1 b, first and 
second embodiment system block diagrams, both gen- 
erally referred to as 10, include an electronic memory 
20 having a digital input image file l(x, y) stored therein. 
With respect to image file l(x, y), the letters "x" and y 40 
designate column and row numbers, respectively, the 
combination of which define pixel locations in an input 
image plane (not shown). More specifically, a plurality of 
color pixels with a color pixel value at each Y and y 
location will preferably correspond to pixels having 45 
desired color densities (that is, "aim color densities") 
when printed on a receiver medium 30. Image file l(x, y) 
may be generated by a computer or, alternatively, pro- 
vided as an input generated from a magnetic disk, a 
compact disk, a memory card, a magnetic tape, a digital so 
camera, a print scanner, a film scanner, or the like. 
Moreover, image file l(x, y) may be provided in any suit- 
able format well known in the art, such as page-descrip- 
tion language or bitmap format. 

[0019] Still referring to Figs. 1a and 1b, electrically ss 
connected to electronic memory 20 is an image proces- 
sor 40, which processes image file l(x, y) by performing 
any one of several desired operations on image file l(x, 



y). These operations, for example, may be decoding, 
decompression, rotation, resizing, coordinate transfor- 
mation, mirror-image transformation, tone scale adjust- 
ment, color management, in addition to other desired 
operations. Image processor 40 in turn generates an 
output image file l p (x, y), which includes a plurality of 
pixel values having color code values, the pixel values 
respectively corresponding to a plurality of ink delivery 
nozzles 45 (only one of which is shown) integrally con- 
nected to an ink jet print head 50. Each nozzle 45 
defines an ink chamber 46 therein for ejecting an ink 
droplet 47 therefrom. 

[0020] Referring now to Figs. 1a, 1b, 2 and 3, data 
related to performance of apparatus 10 have been pre- 
viously stored in a printer performance LUT (Look-Up 
Bble) 60 and a printer performance curve 100 (see Fig. 
5), as described more fully hereinbelow. Moreover, 
image file l p (x, y) is preferably calibrated by means of an 
image calibrator 70 which converts the color pixel val- 
ues at each pixel to a plurality of waveform index num- 
bers IN obtained from a continuos waveform function 
constructed in a manner described in detail hereinbe- 
low. LUT 60 provides an electronic waveform, generally 
referred to as 80, which may comprise a plurality of 
"square" pulses, generally referred to as 90 (only three 
of which are shown), for driving print head 50. Electronic 
waveform 80 is characterized by a set of predetermined 
parameters, which predetermined parameters may be 
the printing start time Tj, number of pulses, pulse widths 
(that is, W 1( W 2 , W 3 ...), voltage pulse amplitudes (that 
is, A 1p A 2 , A 3 ...), and delay time intervals (that is, S^, 
S 2 . 3 ...) between pulses 90. Predetermined values of 
pulse amplitudes, widths and delay time intervals 
between pulses are selected according to a desired 
mode of operating print head 50. For example, a desired 
mode of operation for a piezoelectric ink jet print head 
50 may be that frequencies of pulses 90 be reinforced 
by the resonance frequencies of ink chamber 46, which 
is associated with each ink nozzle 45, so that the 
amount of energy input to nozzle 45 to cause ink ejec- 
tion therefrom is minimized. Predetermining the values 
of the number of pulses, pulse amplitude, pulse width 
and delay time intervals between pulses results in dis- 
crete ink droplet volumes modulatable by electronic 
waveform 80. It is understood from the teachings herein 
that square pulses 90 are only an example of many pos- 
sible electronic pulse shapes usable for driving print 
head 50. Alternative pulse shapes usable with the 
present invention include, for example, triangular- 
shaped, trapezoidal-shaped, and sinusoidal -shaped 
pulses, either in unipolar or bi-polar voltages. In addi- 
tion, electronic waveform 80 may be fully or partially 
continuous without one or more of the delay time inter- 
vals (Si_2, S 2 . 3 ...). Such alternative waveforms are char- 
acterized by predetermined parameters in similar 
fashion to the example shown for square-shaped pulses 
90. For example, a continuous sinusoidal wave may be 
characterized by the period and the amplitude of each 
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cycle or each half cycle plus a constant voltage offset. 
[0021 ] Referring to Figs. 3 and 4, it is important to con- 
trol timing of each electronic waveform 80. It is impor- 
tant to control timing of waveforms 80 in order to 
eliminate variabilities in ink droplet placement caused 5 
by the difference in the width W; of pulses 90 belonging 
to electronic waveform 80 and the difference in ejection 
velocities of droplets 47. Timing control for the elec- 
tronic waveform 80 is achieved by a starting time delay 
Tj between or separating waveforms 80. In this case i = 10 
1, 2, 3... N where "N" is the total number of waveforms 
80. Examples of ink droplet placement using this tech- 
nique is illustrated in Fig. 4. 

[0022] As best seen in Fig. 3, the previously men- 
tioned time delay T { for the series of electronic waveform 
numbers SNj separating pulses 90 of waveform 80 can 
be expressed as 

T i = T o + T i +W/2+T, Equation (1) 

in which T 0 is a start time for a printing line 1 10, which 
can include electronic or mechanical delays for activat- 
ing ink droplet 47 in nozzle 45, by means of electronic 
waveform 80. T 0 is a constant for different waveforms 
SNj. T 1 (not shown in Fig. 3) is the time that ink droplet 
47 lands on receiver 30, which occurs after start time 
T 0 . For ideal ink droplet placement, T 1 is designed to be 
constant for ink droplets 47 of different volumes for each 
printing line 110 (see Fig. 4), which is discussed herein- 
below with regard to Fig. 4. Tj is the time delay that is 
variable for different waveforms, as determined by W 
and T f , which are further described hereinbelow. T f is 
the in-flight time of ejected ink droplet 47 traveling from 
ejection to landing on receiver 30 and which is equal to 
the nozzle-to-receiver distance divided by ink-droplet 
velocity in a direction normal to receiver 30. For a fixed 
nozzle-to-receiver distance, T f is therefore inversely 
proportional to the velocity of the ejected ink droplet 47. 
The starting time Tj of each printing line is determined 
by clock cycles provided by a computer (not shown) or 
by signals obtained by detecting spaced-apart markings 
residing on an encoder strip (also not shown). Accord- 
ing to the present invention, "W" is the total temporal 
duration of the electronic waveform 80 excluding Tj, as 
discussed more fully hereinbelow. In this regard, for the 
electronic waveform labeled as SN 2 in LUT 60, 

W = W 1 + S ^2 + W 2 . Equation (2) 

[0023] However, W and T f> and thus the time delay Tj, 
are usually different for ink droplets 47 activation asso- 
ciated with different electronic waveform serial numbers 
SNj. For example, for some ink jet printers it is possible 
to design print head 50 such that ink droplets 47 having 
different volumes are ejected at essentially the same 
velocity. In this case, variation between different elec- 
tronic waveform serial numbers SN } is W/2. The fraction 
1/2 is included in Equation (1) so that the centers of ink 



droplets 47 are placed at the center of a pixel on the 
receiver 30 for ink droplets 47 of different volumes. Ink 
droplets 47 of different volumes are activated by differ- 
ent electronic waveform serial numbers SNi's. In this 
manner, ink spots A, B and C of different diameters or 
sizes are symmetrically placed within a pixel on receiver 
30. 

[0024] As best seen in Fig. 4, print head 50 prints line 
110 in an image area 120 on receiver 30 by scanning 
image area 1 20 in a direction indicated by an arrow 125. 
In this example, three ink spots A, B, and C are placed 
at pixels A, B, and C, respectively, along print line 1 10 in 
image area 120. For purposes of example only and not 
by way of limitation, ink spots A, B and C are shown 
having different diameters or sizes. Ideally, ink spots A, 
B and C are all symmetrically placed on print line 110. 
[0025] The detailed description hereinabove provides 
examples in which one embodiment timing control, by 
means of time delays T jt is used in ink jet printing appa- 
ratus 10. It is appreciated that other embodiments for 
timing control may be used. For example, alignment 
between a plurality of print heads 50 each having a dif- 
ferent color ink may require time delays Tj for the elec- 
tronic waveforms 80 to be dependent on a selected ink 
color in order to assure registration between colors. As 
another example, time delays T, for each printing direc- 
tion in a bi-directional printing mode (that is printing 
when print head 50 is scanning relative to receiver 30 in 
either direction of travel of print head 50) may be 
adjusted so that ink droplets 47 are placed at the cent- 
ers of the pixels on receiver 30 regardless of the direc- 
tion of travel of print head 50. In this example, ( time 
delays Tj may depend on the direction of the printing. As 
a further example, distance between nozzles 45 and 
receiver 30 may differ for different receiver types and/or 
for print heads 50 having different color inks. Of course, 
in this case values of the nozzle-to-receiver distances 
need to be properly input to calculate T f in Equation (1). 
Finally, timing control of ink jet printing apparatus 10 
may be made dependent on the operator-selected print- 
ing mode, which printing mode may be, for example, 
printing speed, receiver type and/or output image reso- 
lution. 

[0026] Returning to Figs. 2 and 3, LUT 60 includes a 

plurality of optical density values Dj (i=1 D max ) cor ~ 

responding to a plurality of electronic waveforms 80, 
with each waveform 80 being described by waveform 

serial numbers SNj (i= 1 N). "D max " is the maximum 

achievable optical density. As used herein, the terminol- 
ogy "optical density" refers to reflectance or transmit- 
tance optical densities as measured by a densitometer 
(not shown) set in the well-known reflectance "Status A" 
mode or transmittance "Status M" mode. Such reflect- 
ance and transmittance optical densities are measured 
from reflectance (for example, coated paper) or trans- 
mittance (for example, transparent film) ink receivers 
30. Density Dj itself is measured from a uniform density 
patch formed on a test image (not shown), which test 
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image is printed by driving nozzles 45 with waveform 80 
which is in turn determined by the waveform serial num- 
bers SNj, where i * 1, 2, 3, ... N and where "N" is the 
total number of electronic waveforms 80 in LUT 60. LUT 
60 also includes the previously mentioned predeter- 
mined parameters, which characterize waveform 80. As 
previously mentioned, these parameters are the printing 
starting time T jt the number of pulses, the widths (W^ 
W 2 , W 3 ...), the amplitudes (A 1( A 2 , A 3 ...), and the delay 
time intervals between pulses (S^, S 2 _ 3 ...). In LUT 60, 
optical densities D 1( D 2 , D 3 ... are tabulated as a mon- 
atomic function of waveform serial numbers SNj for a 
predetermined electronic waveform 80 (for example, 
comprising square waves 90). However, it is understood 
from the teachings herein that a different set of parame- 
ters will obtain for electronic waveforms other than the 
square waveform 80 shown in Fig. 3. 
[0027] Moreover, still referring to Figs. 2 and 3, it may 
be understood that the series of electronic waveform 
serial numbers SNj listed in LUT 60 are only a subset of 
all possible electronic waveforms serial numbers deter- 
mining the electronic waveform 80 which is used to 
drive ink jet print head 50. However, it may be appreci- 
ated that, when printing with all possible electronic 
waveforms, many of these electronic waveforms result 
in equal or similar optical densities Dj. Only suitable 
ones of these waveforms need be selected and listed as 
the electronic waveforms in LUT 60. Such a selection is 
made by minimizing a gap or difference "g" between any 
two consecutive optical densities Dj and the corre- 
sponding two consecutive waveform serial numbers 
SNj. Minimizing such gaps or differences "g" minimize 
quantization errors for arriving at suitable waveforms 80. 
[0028] Referring to Fig. 5, there is shown the printer 
performance curve 100 formed by plotting optical den- 
sity Dj as a function of waveform index number IN. To 
form printer performance curve 100, the N electronic 
waveforms in LUT 60 are used to print the previously 
mentioned test image comprising uniform-density 
patches (not shown) from which optical densities Dj are 
obtained in a manner well-known in the art. In this 
regard, optical densities Dj are obtained for each wave- 
form serial number SNj producing waveform 80. The 
plurality of "x" symbols shown in Fig. 5 represent data 
points obtained from LUT 60 corresponding to the SNj's 
in LUT 60. Data points "x" are interpolated by tech- 
niques well known in the art to produce a continuous 
curve for expressing IN as a continuous variable. The 
difference between waveform serial numbers SNj and 
waveform index numbers IN is as follows: waveform 
serial number SNj describe discrete optical density lev- 
els (that is, tones) that ink jet printer apparatus 10 is 
capable of producing. With respect to SN j( the total level 
N ranges from 2 to 64 available levels, that is, 1 to 6 bit 
depth. The plurality of waveform index numbers IN, on 
the other hand, comprise a continuous variable and 
thus represent continuous tone. Of course, there should 
be higher than 8 bit levels (2 8 ), for example, 10-12 bits, 



used to describe the waveform index numbers IN. 
[0029] Returning now to Figs. 1a and 1b, image file 
l p (x, y) is calibrated by image calibrator 70. I p (x, y) 
includes a multiplicity of color pixel values for each of 
the plurality of color planes, which color planes may be 
yellow, magenta and cyan color planes. That is, each 
color code value is associated with the previously men- 
tioned aim optical density for that color. More specifi- 
cally, each color pixel value is defined by input image file 
10 l(x, y). The calibration performed by image calibrator 70 
converts each color pixel value to a waveform index 
number IN using (a) the aim density at that pixel for that 
color and (b) printer performance curve 100 (see Fig. 
5). As shown in Figs. 1a and 1b, this calibration process 
is results in an image file IN(x, y) with pixel values 
described by waveform index numbers IN. 
[0030] Still referring to Figs. 1 a and 1 b, image halfton- 
ing unit 210 is used to minimize image artifacts. As used 
herein, the terminology "image halftoning" refers to the 
20 image processing technique which creates the appear- 
ance of intermediate tones by the spatial modulation of 
two tone levels, for example, black and white, or by spa- 
tial modulation of multiple tones levels, such as black, 
white and a plurality of gray levels. Halftoning improves 
25 image quality by minimizing image artifacts such as 
contouring and noise, both of which result from printing 
with a finite number of tone levels. In cases where mul- 
tiple tone levels are used, image halftoning is often 
referred to as multiple level halftoning, or multi-level 
30 halftoning, or simply multi-toning. In the preferred 
embodiment of the invention, the term image halftoning 
includes bi -level halftoning, as well. 
[0031] That is, as shown in Figs. 1a and 1b, calibrated 
image file IN(x, y), which is input to image halftoning unit 
35 210, comprises a multiplicity of pixels with each pixel 
described by waveform index numbers IN for each color. 
As described hereinabove, the waveform index num- 
bers IN are effectively continuous in nature, which 
waveform index numbers IN are described in more than 
40 8 bit per pixel per color. The total number of waveform 
serial numbers, N, corresponding to different optical 
densities, is in the range 2 1 to 2 6 , which is much smaller 
than the total number of waveform index numbers IN. In 
this manner, the invention quantizes optical densities D jt 
45 However, simple quantization of optical densities Dj, 
represented by the waveform serial numbers SN jp may 
nonetheless give rise to visible image artifacts on the 
printed image. Therefore, in order to solve this problem 
image halftoning unit 210 quantifies the calibrated 
so image file IN(x, y) with pixel values described by the 
continuous waveform index number IN in order to form 
an image file SN(x, y) with pixel values described by 
waveform serial numbers SNj. This result is accom- 
plished by spatially modulating adjacent waveform 
55 serial numbers SNj (that is, image halftoning). The 
waveform serial numbers SNj's generated in this man- 
ner are stored in LUT 60. 

[0032] In Figs. 1a and 1b, halftoned image file SN(x, 
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y) is next sent to a controller 220. Controller 220 per- 
forms the function of controlling the corrected wave- 
forms generated for corresponding pixels. Controller 
220 accomplishes this function by (a) receiving a wave- 
form serial number SNj at each pixel location (x, y) for 
each color of the halftoned image file SN(x, y); (b) look- 
ing up the waveform parameters corresponding to the 
waveform serial number SN at that pixel and color of 
SN(x, y) using LUT 60; (c) sending the previously men- 
tioned waveform parameters to waveform generator 
230; and (d) selecting the correct nozzle 45 correspond- 
ing to that color and the pixel by sending signals to a 
nozzle selector 240 that is connected to waveform gen- 
erator 230. According to the present invention, the pre- 
viously mentioned waveform parameters, which are 
provided by LUT 60, include the starting time delays Tj's 
which compensate for time differences between ink 
droplets 47 of different volumes. 
[0033] Referring to Figs. 1 a, 1 b and 4, waveform gen- 
erator 230 generates correct waveforms 80 in response 
to the waveform parameters, which include time delay 
time intervals Sj controlled by controller 220. Electronic 
waveforms 80 with preselected delay time intervals Sj 
are then sent to nozzle selector 240 for actuating an 
electromechanical transducer 250 or a thermal heat 
generating element 260 associated with each ink nozzle 
45 in print head 50 to eject each droplet 47. In this 
regard, transducer 250 may be a piezo-electric trans- 
ducer. Alternatively, each nozzle 45 may include heat 
generating element 260, rather than transducer 250, 
which heat generating element 260 is disposed in noz- 
zle 45 for generating thermal energy in response to 
electronic waveforms 80 in order to eject ink droplets 47 
from nozzle 45. In addition, waveform generator 230 
may include an electronic circuit (not shown), for pro- 
ducing the correct digital waveforms 80, may further 
include a digital-to-analog converter (not shown), and at 
least one amplifier (also not shown). In the present 
invention, ink droplets 47 of different volumes are 
ejected along each print line 110 in image area 120 
starting at different times as determined by starting time 
delay Tj in LUT 60. It may be appreciated that one or 
more pulses 90 comprising waveform 80 may have a 
different time duration Wj and/or a different amplitude Aj 
co-acting to obtain desired in-flight velocities and vol- 
umes of droplets 47. Thus, ink droplets 47 having differ- 
ent volumes are accurately placed on receiver 30 to 
produce ink spots in a symmetric fashion on print line 
110. In the manner disclosed hereinabove, image-wise 
activation and ink ejection of ink droplets 47 reproduce 
the digital input image l(x, y) on receiver 30 without 
image artifacts. 

[0034] The invention has been described in detail with 
particular reference to certain preferred embodiments 
thereof, but it will be understood that variations and 
modifications can be effected within the spirit and scope 
of the invention. For example, the present invention is 
compatible with an ink-jet printer apparatus using inks 



20 



of different densities for each color. As another exam- 
ple, the present invention may also incorporate other 
printing modes such as printing a plurality of ink drop- 
lets at each image location on a receiver medium in one 
or more passes. 

[0035] Therefore, what is provided is an ink jet printing 
apparatus and method using timing control of electronic 
waveforms for variable gray scale printing while reduc- 
ing image artifacts caused by "quantization errors", vis- 
ible noise, excessive ink laydown, and while also 
reducing printing time and improving accuracy of ink 
droplet placement on a receiver medium. 
[0036] The invention has been described in detail with 
particular reference to certain preferred embodiments 
thereof, but it will be understood that variations and 
modifications can be effected within the spirit and scope 
of the invention. 
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Claims 



1. An ink jet printing apparatus for printing an output 
image on a receiver medium (30) in response to an 
so input image file defined by a plurality of pixels, each 
pixel obtaining a pixel value, characterized by: 

(a) a print head (50); 

(b) a plurality of nozzles (45) integrally attached 
55 to said print head, each of said nozzles capable 

of ejecting a plurality of ink droplets (47) there- 
from; 

(c) a waveform generator (230) connected to 
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said nozzles for generating a plurality of elec- 
tronic waveforms, each of the waveforms (80) 
defined by a plurality of electric pulses (90) 
supplied to said nozzles for ejecting the ink 
droplets therefrom; 5 

(d) a printer performance look-up table (60) 
associated with said waveform generator for 
storing a plurality of waveform serial numbers 
therein associated with each one of the elec- 
tronic waveforms, each of the waveforms being w 
defined by waveform parameters including 
delay time intervals between pulses; 

(e) a controller (220) connected to said look-up 
table and the waveform generator for generat- 
ing the waveform parameters allowing the is 
waveforms to eject the ink droplets from said 
nozzles so as to accurately place the ink drop- 
lets on the receiver medium; and 

(f) a calibrator (70) adapted to receive the input 
image file for converting the pixel values 20 
thereof to a plurality of waveform index num- 
bers associated with respective ones of the 
waveform serial numbers defining a calibrated 
image file. 

25 

2. The apparatus of claim 1 , further characterized by 
an image halftoning unit connected to said calibra- 
tor for halftoning the calibrated image file in order to 
generate a harftoned image file having a plurality of 
pixel values defined by the waveform serial num- 30 
bers. 

3. The apparatus of claim 1 , further characterized by a 
nozzle selector (240) interconnecting said wave- 
form generator and said print head for selecting 35 
predetermined ones of said nozzles for actuation. 

4. The apparatus of claim 1 , further characterized by 
an electromechanical transducer (250) disposed in 
each of said nozzles and responsive to said wave- 40 
forms for ejecting the ink droplets from said noz- 
zles. 

5. The apparatus of claim 4, wherein said electrome- 
chanical transducer is a piezoelectric transducer. 4s 

6. The apparatus of claim 1 , further characterized by a 
heat generating element (260) disposed in each of 
said nozzles and responsive to said waveforms for 
ejecting the ink droplets from said nozzles. 50 

The apparatus of claim 6, wherein said heat gener- 
ating element is a thermal resistive heat generating 
element. 

55 

The apparatus of claim 1, wherein said look-up 
table is characterized by a plurality of predeter- 
mined parameters including number of pulses, 



pulse amplitude, pulse width and delay time inter- 
vals between pulses for respective waveforms. 

9. The apparatus of claim 8, wherein at least one of 
the delay time intervals between pulses is zero. 

10. The apparatus of claim 4, wherein said waveform 
generator generates a plurality of spaced-apart 
groups of pulses. 

11. A method of printing an output image on a receiver 
medium (30) in response to an input image file 
defined by a plurality of pixels, each pixel obtaining 
a pixel value, characterized by the steps of: 

(a) providing a print head (50); 

(b) providing a plurality of nozzles (45) inte- 
grally attached to the print head, each of the 
nozzles capable of ejecting a plurality of ink 
droplets (47) therefrom; 

(c) providing a waveform generator (230) con- 
nected to the nozzles for generating a plurality 
of electronic waveforms, each of the wave- 
forms (80) defined by a plurality of electric 
pulses (90) supplied to the nozzles for ejecting 
the ink droplets therefrom ; 

(d) providing a printer performance look-up 
table (60) associated with the waveform gener- 
ator for storing a plurality of waveform serial 
numbers therein associated with each one of 
the electronic waveforms, each of the wave- 
forms being defined by waveform parameters 
including delay time intervals between pulses; 

(e) providing a controller (220) connected to 
the look-up table and the waveform generator 
for generating the waveform parameters allow- 
ing the waveforms to eject the ejection of the 
ink droplets from the nozzles so as to accu- 
rately place the ink droplets on the receiver 
medium; and 

(f) providing a calibrator (70) adapted to receive 
the input image file for converting the pixel val- 
ues thereof to a plurality of waveform index 
numbers associated with respective ones of 
the waveform serial numbers defining a cali- 
brated image file. 

The method of claim 1 1 , further characterized by 
the step of providing an image halftoning unit (210) 
connected to the calibrator for halftoning the cali- 
brated image file in order to generate a halftoned 
image file having a plurality of pixel values defined 
by the waveform serial numbers. 

The method of claim 1 1 , further characterized by 
the step of providing a nozzle selector (240) inter- 
connecting the waveform generator and the print 
head for selecting predetermined ones of the noz- 



8 



15 



EP 0 902 587 A2 



zles for actuation. 

14. The method of claim 11, further characterized by 
the step of providing an electromechanical trans- 
ducer (250) disposed in the nozzle and responsive 5 
to the waveforms for ejecting the ink droplets from 
the nozzles. 

1 5. The method of claim 1 4, wherein the step of provid- 
ing an electromechanical transducer is character- w 
ized by the step of providing a piezoelectric 
transducer. 

16. The method of claim 11, further characterized by 
the step of providing a heat generating element 15 
(260) disposed in the nozzle and responsive to the 
waveforms for ejecting the ink droplets from the 
nozzles. 

1 7. The method of claim 1 6. wherein the step of provid- 20 
ing a heat generating element is characterized by 
the step of providing a thermal resistive heat gener- 
ating element. 

1 8. The method of claim 1 1 , wherein the step of provid- 25 
ing a look-up table is characterized by the step of 
providing a plurality of predetermined parameters 
including number of pulses, pulse amplitude, pulse 
width and delay time intervals between pulses for 
respective waveforms. 30 

1 9. The method of claim 18, wherein the step of provid- 
ing a plurality of predetermined parameters is char- 
acterized by the step of providing a plurality of 
predetermined parameters wherein at least one of 35 
the delay time intervals between pulses is zero. 

20. The method of claim 1 1 , wherein the step of provid- 
ing a is characterized by the step of providing a 
waveform generator generating a plurality of 40 
spaced-apart groups of pulses. 
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Ink jet printing apparatus and method using timing control of electronic waveforms for 
variable gray scale printing without artifacts 



(57) Ink jet printing apparatus and method using 
timing control of electronic waveforms for variable gray 
scale printing while eliminating image artifacts and 
while also reducing printing time and improving accu- 
racy of ink droplet placement on a receiver medium. 
The apparatus prints an output image on a receiver 
medium (30) in response to an input image file defined 
by a plurality of pixels, each pixel obtaining a pixel value. 
The apparatus includes a print head (50) and a plurality 
of nozzles (45) integrally attached to the print head. 
Each of the nozzles is capable of ejecting a plurality of 
ink droplets (47) therefrom. A waveform generator (230) 
generates a plurality of electronic waveforms (80), each 
of the waveforms being defined by a plurality of electric 
pulses (90) supplied to the nozzles for ejecting the ink 
droplets. A printer performance look-up table (60) is 
also provided for storing a plurality of waveform serial 
numbers therein. Each of the waveform serial numbers 
is associated with each one of the electronic waveforms 
and each of the waveforms is defined by waveform 
parameters. A controller (220) connected to the look-up 
table and the waveform generator generates the wave- 
form parameters. This configuration allows the wave- 
forms to accurately place the ink droplets on the 
receiver medium. A calibrator (70) adapted to receive 
the input image file for converting the pixel values 
thereof to a plurality of waveform index numbers is 
associated with respective ones of the waveform serial 
numbers and outputs a calibrated image file. The appa- 
ratus further comprises an image halftoning unit (210) 



connected to the calibrator for halftoning the calibrated 
image file. In addition, the apparatus includes a nozzle 
selector (240) interconnecting the waveform generator 
and the print head for selecting predetermined ones of 
the nozzles for actuation. 
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